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ABSTRACT 
Flash-boiling of sprays may occur when a superheated liquid 
is discharged into an ambient environment with lower pressure 
than its saturation pressure. Such conditions normally exist in 
direct-injection spark-ignition engines operating at low in-
cylinder pressures and/or high fuel temperatures. The addition 
of novel high volatile additives/fuels may also promote flash-
boiling. Fuel flashing plays a significant role in mixture 
formation by promoting faster breakup and higher fuel 
evaporation rates compared to non-flashing conditions. 
Therefore, fundamental understanding of the characteristics of 
flashing sprays is necessary for the development of more 
efficient mixture formation. The present computational work 
focuses on modelling flash-boiling of n-Pentane and iso-
Octane sprays using a Lagrangian particle tracking technique. 
First an evaporation model for superheated droplets is 
implemented within the computational framework of STAR-
CD, along with a full set of temperature dependent fuel 
properties. Then the computational tool is used to model the 
injection of flashing sprays through a six-hole asymmetric 
injector. The computational results are validated against 
optical experimental data obtained previously with the same 
injector by high-speed imaging techniques. The effects of 
ambient pressure (0.5 and 1.0 bar) and fuel temperature (20–
180° C) on the non-flashing and flashing characteristics are 
examined. Effects of initial droplet size and break-up sub-
models are also investigated. The computational methodology 
is able to reproduce important physical characteristics of flash-
boiling sprays like the onset and extent of spray collapse. 
Based on the current observations, further improvements to 
the mathematical methodology used for the flash-boiling 
model are proposed. 
INTRODUCTION 
Flash-Boiling Atomization 
Flash-boiling is the rapid phase transition from liquid to vapor 
when a liquid spray is discharged into an ambient environment 
with lower pressure than the saturation pressure of the fuel. 
Under this condition fuel droplets are superheated and enter a 
metastable state, where the latent heat is consumed by bubble 
nucleation within the liquid. Bubbles created at nucleation 
sites can continue to grow or collapse depending on the local 
fuel conditions surrounding each bubble and the size of the 
vapor bubble itself. Many forms of bubble nucleation and 
flashing can occur including: heterogeneous nucleation where 
bubbles form on surfaces and discontinuities, homogeneous 
nucleation where bubbles form everywhere inside the liquid, 
combination of internal and external flashing, etc. The type of 
flashing and its characteristics depend on various parameters 
including: nozzle geometry, fuel properties and environmental 
conditions. Internal nucleation and bubble growth/bursting in 
fuel injectors can form a gaseous phase within the nozzle 
volume which may then create an under-expanded jet of fuel 
vapor at the nozzle exit (with embedded liquid droplets). This 
occurs due to the high injection pressures typically used with 
gasoline direct injection, currently up to 200 bar. On the other 
hand, external flashing occurs when the majority of bubble 
growth and bursting occurs just past the nozzle exit. 
The conditions in which a flash-boiling spray may form, can 
occur in direct-injection gasoline engines when operating at 
low-load warm conditions with early intake stroke injection 
strategies to promote mixture homogeneity (i.e. injection of 
high-temperature fuel into low in-cylinder pressure). Particular 
engine operating strategies such as early intake valve closure 
(which can lead to a partial in-cylinder vacuum) can promote 
flashing conditions [1]. Highly boosted downsized engines can 
transfer a higher amount of heat into the fuel via heat transfer 
through the injector, increasing the latent heat, and in turn 
producing further flashing mechanisms [2]. It is worth 
mentioning that under the aforementioned conditions flash-
boiling may occur under conventional gasoline fuelling due to 
the existence of high volatile components such as n-Pentane.  
A strong initiative to use cleaner and more sustainable 
alternative fuels is an essential path for future internal 
combustion (IC) engine development due to the ever 
increasing cost of conventional hydrocarbon fuels, the global 
obligation to reduce carbon-based emissions and the current 
fuel supply uncertainty [3]. The majority of novel fuels and 
additives have high volatilities, which can influence the spray 
formation in a similar way to increasing fuel temperature or 
reducing ambient pressure. For example, the addition of 
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ethanol to gasoline can have a significant influence on the 
spray formation due to an increased evaporation rate or 
flashing phenomena, even at low blending ratios [4]–[9]. With 
the inevitable increase in global consumption of new fuel 
blends, it is essential to understand the effect of flash-boiling 
on spray formation with a range of components. A typical 
pump-grade gasoline contains very many individual fuel 
components, each comprising of different thermophysical 
properties. The variation in volatility, as well as properties 
such as surface tension, specific heat and viscosity of each 
component, can influence the formation of the spray as single 
components can flash-boil individually and affect the 
behaviour of droplets. Previous experimental studies [9] 
whereby both single and multi-component fuels were injected 
into a quiescent chamber at superheated conditions, have 
shown that high volatility single components like n-pentane 
can be used to represent the behavior of gasoline since it is 
these components within gasoline’s multicomponent blend 
that drive the spray’s collapsing mechanism. 
Flash-boiling of liquid fuel sprays can play a beneficial role in 
mixture formation, as increased evaporation rates and 
enhanced atomization can produce a more homogeneous fuel 
mixture, which may result in more efficient and cleaner 
combustion. The droplet sauter mean diameter (SMD) of a 
flashing spray is significantly smaller than a non-flashing 
spray at the same injection pressure ratio [10], [11]. This 
generally causes a reduction in spray penetration due to 
smaller droplets having less inertia. However, depending on 
the number of injection holes and proximity of plumes from 
individual holes, effects may involve severe plume merging 
and increased axial momentum, hence longer axial overall 
spray penetration. The shortened or elongated penetration may 
reduce or exacerbate droplet-wall impingement which in turn 
can affect the formation of tailpipe emissions such as 
particulates and unburnt hydrocarbons. 
The majority of work carried out on flash-boiling sprays over 
the last four decades has been experimental, as the underlying 
mechanisms are extremely difficult to understand on a 
fundamental level and model appropriately. Sher and Elata 
[12] were among the first to develop empirical models to 
predict bubble growth rates and droplet sizes caused by flash-
boiling. A relationship between average droplet size, nozzle 
pressure ratio and fuel properties was developed and validated 
against flashing sprays formed using a “pressure-can” 
apparatus. Kitamura et al. [13] went on to quantitatively 
predict the critical superheat for the onset of flashing in 
superheated liquid jets. It was found that the critical superheat 
for a complete flashing spray was well above the bubble-point 
and depended on several parameters including injection 
velocity and nozzle diameter. Numerous other parameters 
have since been characterized by Sher et al. [14], specifically 
fuel surface tension, fuel viscosity, nozzle surface roughness, 
injection pressure and nozzle geometry.  
Another important aspect in numerical modelling of flash-
boiling is the effect of the superheated condition on the rate of 
heat and mass transfer. Adachi et al. [15] measured and 
theoretically derived relationships regarding the evaporation 
of superheated sprays. Using an infrared extinction/scattering 
technique, fuel vapor concentrations were characterized, and 
used to successfully validate the theoretical heat and mass 
transfer models developed. It was concluded that a more 
homogenous mixture was produced with a significant increase 
in the evaporation rate when flash-boiling was observed. 
One of the first attempts to numerically model the atomization 
and vaporization of a flash-boiling spray was conducted using 
the classical nucleation theory [16]. The numerical model 
included bubble nucleation, bubble growth, vapor formation 
and droplet formation. Bubble size and droplet sizes were 
estimated, and coincided with experimental data reasonably 
well. However, a computational fluid dynamics (CFD) 
approach was not undertaken and spatial/temporal spray 
structures were not modelled. 
Ra and Reitz [17] focused on droplet evaporation of a single 
droplet, at temperatures ranging from ‘normal’ to ‘flash-
boiling’ conditions. Here an unsteady internal heat flux and 
surface temperature model were proposed. The modified 
evaporation model developed was used with both multi-
component gasoline and iso-octane fuel sprays, whereby the 
KIVA-3V code was used to simulate a hollow-cone injector at 
relatively low in-cylinder pressures. It was found that multi-
component fuel models can produce a large variation in vapor 
distribution when compared to single component fuel models 
for a hollow cone spray. The devised surface temperature 
calculation and internal heat flux model offered an 
improvement in predicted evaporation rates. 
Present Contribution 
The fundamental mechanism of flash-boiling fuel sprays is 
still under debate due to the difficulty associated with 
experimentally quantifying areas of dense spray close to the 
nozzle exit and flow properties inside working injectors. 
Limitations also lie with current empirical models as they have 
been developed for a specific range of liquids and operating 
conditions [18]. Currently there is very limited computational 
work available in the literature that has discussed methods for 
successfully modelling multi-hole flashing sprays under 
engine-like conditions, as well as capturing the mechanism of 
spray collapse that can lead to quite complex spray structures 
and affect the in-cylinder mixture formation. The current study 
attempts to formulate and validate a computational framework 
for flash-boiling fuel spray modelling based on a two-phase 
Lagrangian particle tracking (LPT) methodology. The main 
objectives of the present work can be summarized as follows: 
 To implement in a CFD code an evaporation model which 
incorporates additional evaporation caused by superheated 
droplets and study its effects. 
 To conduct a preliminary validation of the numerical 
framework against optical experimental data obtained 
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previously in-house with a specific multi-hole injector 
using fuels of different volatilities. 
 To use the developed flash-boiling spray model to 
investigate the influence of auxiliary sub-models 
including droplet break-up and droplet collision models 
on spray characteristics. 
 To examine the effect of various spray parameters, like 
the initial droplet diameter and plume cone angle, on the 
formation of flash-boiling sprays and the associated 
mechanism of ‘spray collapse’. 
NUMERICAL METHODOLOGY  
Modelling Approach 
A flash-boiling evaporation model was implemented into 
STAR-CD using its FORTRAN-based user-coding capability 
which is documented later in this paper. A coupled 
Lagrangian-Eulerian framework was used to enable numerical 
modelling of a dispersed multi-phase flow. A Lagrangian 
particle tracking technique was used whereby governing 
equations (i.e. the conservation of mass, momentum and 
energy) are solved for the individual elements of the dispersed 
phase (using the stochastic parcel approach where individual 
droplets are grouped into ‘parcels’ and assumed to have 
identical physical properties). The continuous phase which is 
expressed in Eulerian form is solved in the same manner; it 
incorporates source terms in order to allow for mass, 
momentum and energy transfer with the dispersed phase, 
hence a coupled two-phase flow framework. The PISO 
pressure-velocity coupling algorithm is used as originally 
proposed by Isaa [19], along with the second-order Monotone 
Advection and Reconstruction Scheme (MARS) for both 
momentum and turbulence of the Eulerian phase. The 
Lagrangian phase is modelled using first-order ordinary 
differential equations. 
Turbulence was modelled using a Reynolds-averaged Navier-
Stokes (RANS) approach by employing an eddy viscosity 
model. Specifically the k-ε/RNG (Re-Normalization Group) 
model developed by Yakot et al. [20] was selected. This 
model has shown good accuracy for non-fuelled in-cylinder 
flow modelling work by one of the authors of the current work 
[21]. Therefore, it was chosen to maintain consistency with 
future modelling of fuelled in-cylinder flow and mixture 
formation using the developed framework. With the high 
velocity flow field and shear layers generated by high pressure 
injection, turbulent dispersion was included in the modelling 
approach by a random walk technique [22]. 
Two single-component fuels were investigated, namely iso-
Octane and n-Pentane, to represent a medium and high 
volatility component of gasoline, respectively. Temperature 
dependent polynomial relationships for the thermo-physical 
properties of those fuels were taken from the Yaws’ database 
[23] and implemented via user coding as well. The fuel 
properties modelled include; surface tension, viscosity, latent 
heat of vaporization, density, specific heat capacity, saturation 
pressure and thermal conductivity. The polynomials are 
documented in Appendix A. Vapour densities were modelled 
by the ideal gas law. 
Flash-Boiling Evaporation Model 
Numerical modelling of superheated fuel injection requires an 
evaporation model which can account for heat transfer from 
the surrounding environment and from the superheated droplet 
itself. Here the flash-boiling evaporation model implemented 
is described. The following assumptions were made: 1) the 
droplet is spherical, 2) at superheated conditions the droplet 
surface temperature is equal to the saturation temperature of 
the fuel and 3) the type of flash-boiling being modelled is 
external flash-boiling as disputed by Reitz [24]. Also, 
considering the small ratio of length/diameter of the nozzle 
hole used in the current investigation [8], [25], [26], bubble 
bursting and consequent flashing occurs close-to or 
downstream of the nozzle exit plane. 
Displayed in Figure 1 is a schematic showing the direction of 
heat transfer and surface evaporation for a superheated 
droplet. At superheated conditions, heat from the surrounding 
environment (referred to as subcooled evaporation from 
hereafter), as well as heat from the droplet center (referred to 
as superheat evaporation from hereafter), contribute to the 
droplet surface evaporation. At subcooled conditions heat 
transfer from the center of the droplet is assumed to be 
negligible. 
 
Figure 1. Schematic of heat-transfer at droplet temperatures 
above and below the boiling temperature of the fuel. 
The subcooled droplet evaporation term, Msc1 can be 
calculated as follows [27]: 






s
v
dff
isc
PP
PPln
DRT
ShDAP
dt
dM 1                  (1) 
where A is the surface area of the droplet, P the ambient 
pressure, Sh is the non-dimensional Sherwood number, Di the 
binary diffusivity coefficient, Tf the temperature of the vapor 
film assumed to be the average of the droplet temperature and 
surrounding gas temperature, Rf the specific gas constant of 
External Heat transfer 
from surroundings 
Evaporation 
Internal heat 
transfer from 
superheated fuel 
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the vapor film, Dd the droplet diameter and Pv and Ps the 
partial vapor pressure in the cell and saturation pressure of the 
fuel, respectively. Formulation of non-dimensional numbers 
used in the current work can be found in Appendix A.  
A second formulation of an evaporation model was also 
implemented and compared to the model documented in 
Equation 1. The subcooled evaporation rate is given as [28]:  






sdff
isc
Y
Yln
DRT
ShDAP
dt
dM
1
12               (2) 
where Y is the instantaneous mass fraction of vapor in the cell 
and Ys is the fuel vapor mass fraction at the droplet surface, 
given as: 
asvs
vs
s mPPmP
mP
Y
)(                           (3) 
Here mv and ma represent the molecular weight of fuel and air, 
respectively. The formulation of Msc1 is based on the mole 
fraction whereas Msc2 is calculated using mass fraction as seen 
in Equation 2. 
Then a superheated droplet evaporation term, Msh, was 
implemented in the code. This term was originally suggested 
by Adachi et al. [29] and can be summarized as follows: 
V
sh
H
TA
dt
dM                                  (4) 
where T is the degree of superheat, α is a heat transfer 
coefficient and HV is the latent heat of the fuel. The heat 
transfer coefficient α is given by empirical functions that have 
been formulated from experimental investigations that 
employed a pintle injector and n-pentane [15]: 
25  when13800
255    when27
50  when760
390
332
260



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TT
TT
.
.
.



                 (5) 
in W/m2K. The degree of superheat is calculated using the 
boiling temperature of the fuel at the specific ambient 
pressure, defined as: 
bd TTT                                    (6) 
where Tb is the boiling tem 
perature and Td the instantaneous droplet temperature. A vapor 
film surrounding the droplet is incorporated into the 
evaporation equations, this vapor film is calculated based on 
the mixture fraction of fuel vapor and ambient air properties. 
This vapor film incorporates the reduction in the rate of 
evaporation with an increase in partial vapor pressure (caused 
by a vapor film subsiding in the immediate area surrounding 
the droplet).  
The total evaporation rate Mt is calculated by the accumulation 
of the subcooled, Msc1 or Msc2, and superheated, Msh, 
evaporation rates, i.e.: 
dt
dM
dt
dM
dt
dM shsct  1                           (7) 
It should be noted that at subcooled conditions the superheat 
evaporation term is equal to zero. The additional evaporation 
caused by internal droplet heat transfer increases linearly with 
superheat degree, and the heat transfer coefficient increases 
non-linearly at three specific superheat degrees, resulting in an 
ever increasing non-linear superheat evaporation rate. 
An increased mass transfer rate due to flash-boiling 
subsequently causes an increase in heat transfer. The 
conservation of energy law is used to determine the heat 
transfer of the dispersed phase at both non flashing and 
flashing conditions, whereby heat transfer is calculated 
directly from surface heat transfer and phase-change mass 
transfer:  
  


dt
dM
HTTAh
dt
dT
mC TVd
d
p
             (8) 
where h is the heat transfer coefficient which is a function of 
the Nusselt number, originally derived by Wakil et al. [30] 
and T is the ambient gas temperature. 
Droplet Break-Up and Collision Models 
Droplet Break-Up 
In order to model droplet break up, an essential part of 
atomizing sprays, the Reitz-Diwakar droplet break-up model 
was applied [31]. Two break-up regimes are modelled, namely 
bag break-up and stripping break-up, both of which are caused 
by aerodynamic forces acting upon the droplet surface. Using 
non-dimensional values, namely the Weber and Reynolds 
numbers (documented in Appendix A), and empirical model 
constants, the onset of droplet break-up is determined and 
modelled. The overall break-up rate is calculated as a function 
of the stable droplet diameter, which is a droplet diameter that 
can withstand the current aerodynamic forces acting upon it, 
remaining intact. A breakup timescale is also incorporated 
along with the instantaneous droplet diameter. The break-up 
rate is given in Equation 9. 
b
d,stabledt
τ
DD
dt
dD                              (9) 
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Here τb is the break-up timescale, Dd the instantaneous droplet 
diameter and Dd,stable the stable droplet diameter. The stable 
droplet diameter and break-up timescales are calculated 
separately for each regime and compete where the smallest 
values are applied in order to calculate the break-up rate. The 
equations used in both the bag break-up and stripping break-
up are as follows [31]: 
Bag break-up: 
1
2
2 bd
stable,dd C
Duu
We  

                        (10) 
21
2321
2
4 /d
/
d
/
db
b σ
DρCτ                                    (11) 
Stripping break-up: 
1sCRe
We                                       (12) 
d
dds
b uu
DC



 

2
2                            (13) 
The stable droplet diameter and break-up timescale for each 
regime are calculated based on the empirical constants Cb1, 
Cs1, Cb2 and Cs2 derived by Reitz and Diwakar [31], the default 
values are displayed in Table 1. 
Table 1. Reitz-Diwakar droplet break-up model constants. 
Cb1 Cs1 Cb2 Cs2 
6 0.5 3.1416 20 
The influence of the model constant values of Cb1 and Cb2 on 
spray characteristics are also investigated in the current paper. 
Droplet Collisions 
Droplet collisions are modelled based on O’Rourke’s 
statistical approach [32] with a “speed up” algorithm 
developed by Schmidt and Rutland [33]. Two fundamental 
conditions must be met if droplets are to collide [34]. The first 
is that the droplets must be moving towards each other, stated 
in the following equation: 
 
12
12
2121 XX
XXuuU , 
                 (14) 
where U1,2 is the relative velocity between two droplets, u1 and 
u2 are droplet velocity vectors and X1 and X2 are the droplet 
position vectors. The second condition is that the droplets 
must be moving at a speed which results in a relative 
displacement (within one time step) equal to or greater than 
the distance between them. Which is numerically described as 
follows: 
 211221 rrXXtKU ,                     (15) 
where K is the relative motion factor (set to the default value 
of unity in this investigation), t is the time step and r1 and r2 
are the radii of the droplets. If these are not met, collisions 
may not occur within the current time step. If these two 
prerequisites are met, then a statistical approach is applied 
where droplets may collide. The statistical approach assumes 
droplets are distributed evenly over the entire cell and a 
Poisson distribution is applied in determining the number of 
collisions occurring in the current time step. 
Once the number of collisions have been calculated, the most 
appropriate regime is selected via the droplet Weber number. 
Three regimes are available namely: coalescence, separation 
and bouncing. The bouncing regime models two droplets 
which do not coalesce, instead they are considered as two 
solid spheres which collide, exchanging only momentum with 
no restitution factor. In the case of separation, momentum is 
also only exchanged. However, this regime is used to model 
two droplets which coalesce but possess too great a 
momentum to permanently remain attached, hence the 
droplets separate. Coalescence is where two droplets collide 
and coalesce to form a single larger droplet, here momentum, 
mass and energy are exchanged.  
O’Rourke’s [32] droplet-droplet collision model can be 
improved by inclusion of submodels for further modes of 
collision that have been found beneficial to the prediction of 
dense diesel sprays [35]. However, this was not considered 
necessary within the immediate objectives of the current 
study, albeit part of our work in progress for the gasoline 
injection system under study here. 
Simulation Setup 
A cubic domain of 80 mm3 was created and a grid consisting 
of hexahedral elements was produced. A number of cell sizes 
ranging from 0.5 mm to 3 mm in size were studied to identify 
an optimum resolution for this grid. The final resolution was 
considered on the basis of limitations associated with the LPT; 
specifically, this requires a sufficient resolution for the 
assumption that a Lagrangian parcel displaces no Eulerian 
phase to remain applicable. This assumption is acceptable 
when the volume fraction of the dispersed phase is kept 
relatively small. In order to do this a cell size of 1 mm was 
chosen as cells of ≤ 0.5 mm tend to generate an unstable 
simulation as the volume fraction limit of 0.4 could be reached 
in the dense regions of the spray. 1 mm cells were also 
compatible with the future application of the methodology to 
engine simulations, where 1 mm cells have been deemed small 
enough for in-cylinder flow simulations (e.g. when validated 
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against PIV data [21]) and they also allowed reasonable CPU 
times within the computational power bounds available to the 
authors. Therefore, finally, 512000 cells of 1 mm size filled 
the computational domain and an initially quiescent 
environment of dried air at T∞ = 20 °C was considered. A time 
step of 1 μs was employed. This selection was again based on 
future application to engine simulations and computational 
power availability; for reference, 1 μs corresponds to ~0.01 
crank angle degree (CAD) resolution at 1500 RPM. 
The simulations were set up on the basis of an asymmetric six-
hole gasoline injector, displayed with full geometrical details 
in Appendix B. The injector consisted of six holes each of 200 
μm in internal diameter and individual plume cone angles θ of 
about 15°. A large database of spray images is available with 
this injector with various fuels for validation purposes 
(including gasoline, alcohols, high and medium volatility 
hydrocarbon components, etc.), both in quiescent injection 
chambers and in-cylinder [9], [36]. A constant mass flow rate 
of 20 g/s was used throughout the test cases of the current 
study. This was measured for the same injection system at an 
injection pressure, Pinj of 150 bar, e.g. see [25], [26]. A 
variation in mass flow rate of less than 5% was seen in the 
experimental data at varying ambient conditions, hence it was 
decided to fix the flow rate at all conditions within the bounds 
of the current study. Table 2 displays all test cases used in the 
current modelling study. 
Table 2. Non flash-boiling and flash-boiling spray cases. 
Spray 
No. Tf [°C] P∞ [bar] Fuel Tb [°C] T [°C] 
1 20 1.0 n-Pentane 36.1 0.0 
2 20 1.0 iso-Octane 99.0 0.0 
3 120 1.0 n-Pentane 36.1 83.9 
4 120 1.0 iso-Octane 99.0 21.0 
5 90 1.0 n-Pentane 36.1 53.9 
6 120 0.5 n-Pentane 16.0 104.0 
7 120 0.5 iso-Octane 78.0 42.0 
8 90 0.5 n-Pentane 16.0 74.0 
9 180 0.3 n-Pentane 3.0 177.0 
10 180 0.3 iso-Octane 62.0 117.0 
RESULTS AND DISCUSSION 
Subcooled Conditions 
The two evaporation model terms Msc1 and Msc2 (Equations 1 
and 2) were compared and validated both quantitatively and 
qualitatively at subcooled conditions against experimental data 
obtained using the same nozzle set-up. Specifically, the spray 
predictions were compared to spray images obtained by high-
speed shadowgraphy and Mie scattering techniques, as well as 
against penetration lengths obtained by image processing [10], 
[36]. Both evaporation models were quantitatively compared 
using two fuels, namely iso-Octane and n-Pentane. The two 
models produced very similar fuel sprays with almost identical 
characteristics at subcooled conditions; their droplet diameters 
and spray penetrations had a difference in the region of 2%. 
No contribution existed from the superheated evaporation term 
Msh (Equation 4) as this was equal to zero at subcooled 
conditions. From here on the results presented correspond to 
the total evaporation term Mt that incorporated Msc1 and Msh, 
unless otherwise stated. Figure 2 displays a comparison 
between the results of the computational model and spray 
images at subcooled conditions of P∞= 1.0 bar and Tf = 20 °C 
for both iso-Octane and n-Pentane fuels. It can be observed 
that the numerical model was able to reproduce quite well the 
general spray characteristics and shape of spray plumes.  
                
               
iso-Octane 
           
             
n-Pentane 
Figure 2. Computational spray results and experimental 
spray images of iso-Octane and n-Pentane at P∞ = 1.0 bar 
and Tf = 20 °C. 
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To study the effects of fuel on predicted spray characteristics 
at subcooled conditions, a direct comparison is made between 
the highly volatile n-Pentane and the lower volatility iso-
Octane. The size and density of droplets at the tips of all the 
spray plumes in Figure 2 are different between the two fuels, 
with n-Pentane exhibiting smaller droplets. The predicted 
sauter mean diameter (SMD) of the droplets during injection is 
compared for the two fuels in Figure 3. The difference in 
SMD between the two fuels at 400 μs after start of injection 
(ASOI) is found to be 10.2 µm. The higher volatility of n-
Pentane results in faster evaporation as well as a smaller stable 
droplet size. The higher evaporation rates associated with n-
Pentane can be seen in Figure 4, where fuel vapor mass 
fraction is plotted on the central axis of the injector. The effect 
of fuel properties is clearly displayed, with iso-Octane 
producing a vapor mass fraction of approximately 2% of that 
produced by n-Pentane.  
 
Figure 3. SMD of n-Pentane and iso-Octane at P∞= 1.0 bar 
and Tf = 20 °C. 
 
  
Figure 4. Vapor mass fraction of iso-Octane (left) and n-
Pentane (right) at P∞ = 1.0 bar and Tf = 20 °C. 
The newly implemented evaporation model with flash-boiling 
capabilities was further validated at subcooled conditions by 
comparing the penetration length of plumes 1 and 6 (see 
Appendix B for reference) to experimental data. The 
penetration is calculated by importing individual parcel 
geometry into an in-house MATLAB code. The penetration 
was calculated at multiple time steps, and was directly 
compared to experimental data as shown in Figure 5. The 
reader should be aware that the computational results have 
been modified to incorporate the injection delay witnessed in 
experiments, this was achieved by including the injector 
driver’s delay duration (typically around 300 µs) to the 
computational results [37]. 
  
Figure 5. Plume penetration of n-Pentane and iso-Octane at 
P∞ = 1.0 bar and Tf = 20 °C. 
The computational penetration curves displayed in Figure 5, 
for both n-Pentane and iso-Octane fuels contain a difference to 
experiment of 10% and 3% at 800 µs ASOI, respectively. It 
should be noted here that the initial injection velocity of each 
fuel is different, due to a constant mass flow rate being applied 
and fuel properties varying. The injection velocities at this 
condition are 91.64 ms-1 and 101.60 ms-1 for iso-Octane and n-
Pentane, respectively, producing higher penetrations for n-
Pentane. The relatively small difference in penetration length 
gives confidence in the implementation of the evaporation 
model and accuracy of the simulation set-up. A similarly small 
difference was quantified during experimentation and the 
experimental spray penetration curves reflect this difference. 
It is noted here that, in order for the predicted penetrations to 
precisely match those of the experiments, the break-up model 
constants and initial droplet properties could be tweaked. This 
was examined systematically and is documented in the 
following sections.  
Break-up Model  
The Reitz-Diwakar [31] droplet break-up model relies on the 
calculation of a stable droplet diameter to predict droplet 
break-up by aerodynamic forces. The calculations ultimately 
rely on fuel properties, pressures and temperatures, which can 
result in the default model constants being unsuitable, 
especially at extreme conditions corresponding to superheated 
liquids in the case of high-pressure fuel injection. Razzaghi 
[38] studied the effect of superheating on the break-up of a 
flashing spray, determining a critical superheat degree 
whereby break-up due to thermal mechanisms dominate. It is 
this conclusion which suggests that the break-up model can be 
a significant and useful tool in building a numerical 
framework capable of predicting suitable droplet sizes and 
spray characteristics of a flash-boiling spray. However, the 
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aim of this investigation is to define the potential to replicate 
the enhanced droplet break-up from thermal effects, in a flash-
boiling spray. The influence of break-up model coefficients on 
spray formation, of which are documented in Table 1, were 
studied at subcooled conditions. Both the bag break-up and 
stripping break-up weber number constants were adjusted 
simultaneously, ultimately resulting in a steady reduction in 
stable droplet diameter. The break-up timescale constants (Cb2 
and Cs2) were kept unchanged at the default values to give a 
direct comparison between stable droplet diameters. Figure 6 
represents the plume penetration with reducing model 
constants from the default values given by Reitz and Diwakar 
[31]. A clear effect on the plume penetration was observed, 
whereby a smaller stable droplet diameter followed an 
expected trend, producing a spray with smaller droplets. An 
exact match between the numerical solution and experimental 
data can be achieved through adjusting the droplet break-up 
model constants. However, this trial and error approach is not 
always applicable. 
 
Figure 6. Effect of break-up model constants on plume 
penetration of iso-Octane at P∞ = 1.0 bar, Tf = 20 °C. 
Flash-boiling sprays produce significantly smaller droplets 
when compared to non-flashing sprays, a byproduct of both 
high evaporation rates and enhanced aerodynamic break-up 
due to fuel properties (such as surface tension and viscosity), 
diminishing with temperature. A superheated flash-boiling 
spray may also contain a thermal break-up mechanism caused 
by bubble nucleation and growth inside of liquid droplets, 
which is currently not implemented into the current 
computational framework. The reduction in SMD caused by a 
reduction in break-up criterion is displayed in Figure 7. The 
SMD is reduced from 57.2 µm to 24.7 µm at 1000 µs ASOI 
when using the outer-most values, a trend which can 
commonly occur in flash-boiling sprays due to the enhanced 
break-up mechanism. The value associated with the break-up 
timescale was clearly visible from the SMD plot of Figure 7, 
as the inception of break-up occurred at approximately 200 µs, 
where the effect of model constants became prominent. For 
completeness, it is noted here that the SMD of iso-Octane’s 
spray droplets measured at a location of 20 mm from the 
nozzle exit within plume 1 using phase Doppler anemometry 
was of the order 15–20 µm at 20 °C, 1.0 bar, i.e. closer to the 
lower end of predicted values in Figure 7. 
 
Figure 7. Effect of break-up model constants on the SMD of 
iso-Octane at P∞ = 1.0 bar and Tf = 20 °C. 
The capability of modifying current break-up models to 
replicate enhanced thermal break-up mechanisms is a potential 
solution in advancing the computational framework towards 
an accurate flash-boiling numerical model. This may well 
involve the Jakob number to include superheat effects. 
Inclusion of such effects was not part of the immediate 
objectives of the current study, neither was tuning of the 
default break-up model constants to match the experimental 
curves over a range of superheated conditions, since that 
would be a purely practical tuning exercise without much 
sophistication. Therefore, with the acquired knowledge of 
sensitivity to these constants for the injector under study, it 
was decided to use the defaults constants, as listed in Table 1, 
for the rest of the work. This was to maintain universality by 
decoupling tuning effects from any fundamental 
understanding that could be gained. It is envisaged though that 
the knowledge gained from this section and subsequent ones 
will be applied to future refinement of the developed code. 
Flash-Boiling Sprays 
The current section investigates the behavior of the flash-
boiling evaporation model at superheated flash-boiling 
conditions. Firstly, an initial comparison was made between 
spray predictions and experiments obtained from the literature 
where a Laser-induced Exciplex fluorescence (LIEF) 
technique was used to visualise the vapor phase in a similar 
multi-hole gasoline injector to that used in the current study 
[39]. It was found that the vapor phase produced with the 
implemented superheated evaporation term was qualitatively 
comparable to that measured by the LIEF experiments, with 
clear dependency on fuel type (however, this is not shown for 
brevity due to the qualitative nature of the comparison and the 
exact experimental injector geometry of LIEF being 
unknown). Then a second investigation was carried out to 
observe the results obtained with the two subcooled 
evaporation models, Msc1 and Msc2, and with the total 
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evaporation flash-boiling model, Mt (with MSc1 contribution), 
and at conditions equivalent to the available in-house 
experimental spray data. Various conditions were modelled 
using both n-Pentane and iso-Octane, ranging from superheat 
conditions of 83.9 °C and 21.0 °C respectively (Spray No. 5 
and 6) to severe superheat conditions of 165 °C and 111.0 °C, 
respectively (Spray No. 11 and 12). 
Specifically, conditions of initial fuel temperature of Tf = 120 
°C and atmospheric pressure of P∞ = 1.0 bar were initially 
used (Spray No. 5 and 6). A direct comparison between the 
total flash-boiling evaporation model Mt and the two 
subcooled evaporation models Msc1 and Msc2 was made by 
plotting the vapor mass fraction of iso-Octane and n-Pentane 
at 400 µs ASOI on the central injector plane looking from the 
side, as illustrated in Figure 8. It is clear that the implemented 
superheat term produces a higher evaporation rate at 
superheated conditions in comparison to the subcooled 
models. The subcooled models produced vapor concentrations 
with comparable values, where Msc2 was seen to predict the 
smallest evaporation rate.  
   
   
Figure 8. Vapor mass fraction of iso-Octane (top) and n-
Pentane (bottom) at Tf = 120 °C and P∞ = 1.0 bar, using Msc1 
(left), Msc2 (center) and Mt (right). 
 
Figure 9. Vapor footprint area of iso-Octane and n-Pentane 
at Tf = 120 °C and P∞ = 1.0 bar. 
To quantify the effect of the added superheat evaporation 
term, the footprint area of the vapor phase on the central axis 
plane as shown in the vapor plots in Figure 8 is displayed in 
Figure 9. The more rapid evaporation at the beginning of 
injection predicted by the implemented superheat term, 
produced a larger footprint of vapor suggesting a promotion of 
homogeneity which is reported by Adachi et al. [15]. 
The increased mass of fuel in gaseous state at superheated 
expanded conditions could act as a potential source of 
promoting jet tip vortices (e.g. see [40] for a discussion on 
high-speed gaseous fuel jets), causing recirculation of vapor 
and a widening of the vapor footprint. This effect may also 
have an influence on spray collapse. At severe flashing the 
reduced inertia of small droplets produces a spray which is 
more susceptible to air entrainment, in turn increasing 
individual plume interactions, droplet collisions and spray 
collapse.  
The velocity field of the Eulerian gas phase is plotted in 
Figure 10. The spray tip vortices are clearly visible in the two-
dimensional velocity vector plot of the Eulerian phase, which 
was plotted on the centerline of the injector relative to the side 
view. Vortices similar to that found in a PIV study by Zhang 
et al. [41] on a flash-boiling multi hole injector were found. 
Zhang et al. found that flashing produced stronger vortices in 
terms of velocity magnitude, and the increasing strength 
pushed the plumes towards the central axis, eventually 
contributing to collapse.  
   
Figure 10. Side view of velocity vectors of the Eulerian 
phase, using n-Pentane at Tf = 120 °C and P∞ = 1.0 bar. 
The same vortex mechanism is captured in the Lagrangian 
particle tracking method employed here, however this 
technique may not be able to accurately model the tip vortices 
in the Eulerian phase, as the interaction between droplets and 
the surrounding vapor/air mixture are not directly resolved. 
Lagrangian/Eulerian momentum transfer was modeled with 
many limitations, such as perfectly spherical droplets, and 
momentum dissipation over the entire computational cell, 
resulting in a coarse representation and inaccurate dissipation 
of the Eulerian phase velocity. This limitation of the model 
may under-predict the strength of these vortices, potentially 
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limiting the prediction of spray collapse with the current 
computational framework. Sher et al. [11] suggest that the 
vapor phase leaving the nozzle could have a velocity which is 
significantly higher than the liquid phase and could increase 
the velocity within the bulk spray surrounding. 
The average droplet diameter of a flashing spray was found to 
be smaller than a non-flashing spray, due to the rapid 
evaporation upon exit of the nozzle. The SMD of the flash-
boiling evaporation model was compared to the subcooled 
model components and is illustrated in Figure 11.  
 
 
Figure 11. Comparison between the SMD of n-Pentane (top) 
and iso-Octane (bottom) at P∞ = 1.0 bar and Tf = 120 °C. 
A reduction in SMD was observed for the flash-boiling model 
at the stated superheated conditions for n-Pentane. 
Specifically, an SMD at 400 µs ASOI of 56.4 µm was 
calculated, compared to 80.9 µm at 20 °C shown earlier in 
Figure 3. This also illustrated the added contribution of the 
superheated droplet modelling term of the implemented total 
evaporation flash-boiling model, where the additional heat-
transfer from superheat contributed to surface evaporation and 
further reduction in droplet size. Once the additional thermal 
energy was expended through surface evaporation, the droplet 
temperature fell below its boiling point. The evaporation rate 
then returned to its subcooled value, where the difference 
between the flash-boiling model and the subcooled models 
remained constant thereon. However, it is clearly noted that 
the contribution of the superheated evaporation term, using the 
published empirical constants, is not as disruptively large as 
one may have initially expected for a high volatility fuel like 
n-Pentane. In the case of iso-Octane the effect of the 
implementation of a flash-boiling evaporation term appeared 
insignificant at the much lower degree of superheat 
experienced by this fuel at these conditions. 
The penetration lengths of plumes 1 and 6 are displayed in 
Figure 12 for both n-Pentane and iso-Octane fuels with 
superheat of 83.9 °C and 21.0 °C, respectively (Spray No. 5 
and 6). 
 
 
Figure 12. Plume penetration of n-Pentane (top) and iso-
Octane (bottom) at P∞ =1.0 bar and Tf = 120 °C using Msc1, 
Msc2 and Mt in comparison to experiments. 
It can be seen that for these flash-boiling conditions, the flash-
boiling evaporation model Mt caused a small reduction in 
penetration for n-Pentane in comparison to Msc2 only, pushing 
the predicted results closer to the experiment, but only by a 
little. This is clearly a deficiency; more to the point, it is noted 
that the experiments showed a degree of spray collapse, as 
displayed in the spray image adjacent to Figure 12, but no type 
of such spray collapse behavior was predicted using the 
existing model settings. In the case of iso-Octane where the 
superheat degree did not breach the highest criteria in the 
calculation of the heat transfer coefficient of Equation (5), no 
significant effect of the additional evaporation term was 
observed. Here the experiments showed no spray collapse 
which allowed the computational penetration to lie overall 
closer to the experiment (small discrepancies between Mt and 
Msc terms past 1 ms ASOI stem from the prediction of isolated 
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single large droplets at the tip of spray plume and require 
further study). Another interesting observation is the 
difference between Msc1 and Msc2 at superheated conditions. 
The evaporation limit of Msc2 is lower than that of Msc1, 
displayed as larger SMD values, and larger penetration lengths 
for n-Pentane. The variance comes from differences in the 
formulation, where a smaller saturated evaporation limit is 
seen for MSc2. 
  
  
  
  
 
Figure 13. Vapor mass fraction of iso-Octane (left) and n-
Pentane (right) at Tf = 20 °C and P∞ = 1.0 bar, Tf = 120 °C 
and P∞ = 0.5 bar, Tf = 120 °C and P∞ = 0.5 bar and Tf = 180 
°C and P∞ = 0.3 bar.  
To study the effect of injection temperature and ambient 
pressure on evaporation, the vapor mass fraction was plotted 
at numerous conditions using both fuels (Spray No. 1, 2, 3, 4, 
6, 7, 9 and 10). This was carried out by varying the fuel 
injection temperature and ambient pressure separately. The 
vapor mass fractions at 400 µs ASOI are displayed in Figure 
13, which are plotted on a plane cutting through the central 
axis of the injector.  
The addition of a flash-boiling evaporation model was 
implemented and the limitation of the current computational 
framework was apparent, where complex spray structures in 
the form of plume merging and collapse could not be 
predicted with the chosen settings. In order to further 
investigate this limitation a sensitivity study of the results to 
the initial droplet size and plume angle, as well as the 
empirical constants of the superheated heat transfer parameter 
of Equation (5), was carried out as detailed in the next section.  
Parametric Studies 
Initial Droplet Diameter 
Droplet-droplet collision models can significantly influence 
the spray predicted by the numerical code and the number and 
type of collisions can vary depending on spray properties. 
Superheated sprays were modelled and the initial droplet 
diameter and individual spray plume angle were varied 
independently in order to attempt to predict the interaction 
between individual plumes. The proximity of individual 
plumes of multi-hole injector can hugely influence the 
subsequent spray formation, as inter-plume interactions can 
produce merged plumes, in-turn producing a ‘collapsing’ 
spray and complex droplet cloud structures [10], [42] that can 
subsequently affect in-cylinder mixing, wall wetting, 
combustion and emissions. 
The flash-boiling phenomena can reside both internally and 
externally in the region of the nozzle orifice, depending on a 
number of factors including in-nozzle and atmospheric 
conditions, as well as fuel properties [8], [25]. At high 
superheat degrees, the spray is deemed to be fully flashing as 
the flow exiting the nozzle can consist already of a large 
amount of fuel vapor cloud housing liquid droplets. The size 
of these liquid droplets diminishes as the severity of flash-
boiling increases, resulting in the initial droplet diameter 
becoming much smaller than the nozzle diameter for highly 
superheated fuels [12]. The influence of initial droplet size on 
spray formation was investigated for both n-Pentane and iso-
Octane at superheated conditions where the onset of plume 
merging was witnessed, Tf = 90 °C, P∞ = 1.0 bar, and Tf =120 
°C, P∞ = 0.5 bar, respectively. A number of initial droplet 
diameters were studied, ranging from the nozzle orifice of Dd 
= 200 µm down to Dd = 20 µm. The effect of those sizes on 
the spray formation of n-Pentane is displayed in Figure 15. It 
is clear that the initial droplet size influences the subsequent 
droplet momentum and droplet collisions mechanism, leading 
to gradual merging of the spray’s plumes. Large initial 
droplets of 200 µm produce no plume merging or spray 
collapse at these superheated conditions, whereas the smallest 
studied initial droplets of 20 µm lead clearly to spray plumes 
fully merging. When compared to experiments, it seems that 
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there is an ‘optimum’ nominal initial droplet diameter that 
allows the computational framework to predict the global 
spray shape. Specifically, at these conditions, 100 µm initial 
droplets lead to a degree of plume merging that agrees well 
with the experiment. In practice, to make such a ‘reverse-
engineering’ parametric exercise useful, a validated 
thermophysical relationship would need to be developed that 
would automatically predict the correct initial droplet diameter 
for a range of fuels and conditions. 
200 µm 
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Experiment 
 
Figure 15. Spray formation of n-Pentane C with varying 
initial droplet diameter at P∞ = 1.0 bar and Tf = 90 °.  
Another interesting finding from the current numerical study 
was the change in SMD over time of each spray, which is 
shown in Figure 17 for flashing n-Pentane. The initial SMD is 
typically equal to the initial droplet diameter. It was found that 
independent of initial droplet diameter, the SMD at 1000 µs 
consisted of a small variation of 24.9 µm between the largest 
and smallest initial droplet diameters. The small difference is 
caused by the larger, weaker droplets undergoing droplet-
breakup as opposed to smaller more robust droplets residing 
under the stable droplet diameter limit. A slight increase in 
SMD can be seen for initial droplet sizes of 20 µm; this may 
be caused by some of these small initial droplets completely 
evaporating and remaining ones participating in droplet 
coalescence phenomena overcoming the reduction caused by 
evaporation.  
The effect of initial droplet diameter on the spray 
characteristics was also investigated through plume 
penetration as displayed in Figure 16. It was found that the 
merging process caused by reduced initial droplet diameter 
resulted in a reduced plume penetration length. This effect is 
somewhat due to smaller droplets carrying less inertia, 
however, the collapsing mechanism also produces smaller 
penetrations because part of the droplets’ axial velocity is 
converted into radial velocity from droplet interactions and the 
subsequent plume merging process. 
 
Figure 16. Penetration of n-Pentane with varying initial 
droplet diameter at P∞ = 1.0 bar and Tf = 90 °C. 
 
Figure 17. SMD of n-Pentane with varying initial droplet 
diameter at P∞ = 1.0 bar and Tf = 90 °C. 
The same effect of initial droplet diameter was apparent in iso-
Octane, however its lower volatility caused the effect to be 
somewhat retarded, due to the droplet evaporation rate being 
smaller and hence resulting in larger droplets downstream of 
the nozzle. The spray formation of iso-Octane is displayed in 
Figure 18. It can be seen that there is less recirculation of 
droplets at the leading edge, caused by the larger individual 
droplet mass as opposed to the n-Pentane spray case. In terms 
of penetration a very similar effect is found, where smaller 
droplets and plume merging produce a smaller plume 
penetration length, displayed in Figure 19. The SMD is 
displayed in Figure 20. A shallower gradient was produced in 
the case of iso-Octane fuel which is a clear indication of the 
smaller evaporation rate. The fuel is also less susceptible to 
break-up as it has a higher surface tension and viscosity, 
resulting in a larger stable droplet diameter. 
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Figure 18. Spray formation of iso-Octane with varying initial 
droplet diameter at P∞ = 0.5 bar and Tf = 120 °C. 
 
Figure 19. Penetration of iso-Octane with varying initial 
droplet diameter at P∞ = 0.5 bar and Tf = 120 °C. 
 
Figure 20. SMD of iso-Octane with varying initial droplet 
diameter at P∞ = 0.5 bar and Tf = 120 °C. 
Individual Plume Cone Angle 
Displayed in Figure 21 is the spray formation of superheated 
n-Pentane at P∞ = 0.5 bar and Tf = 90 °C using an initial 
droplet diameter of Dd = 20 µm. It is clear that the spray 
formation calculated contained the collapsing mechanism, 
producing a spray with broadly similar characteristics to those 
of the experiment. Plumes 2 and 3, as well as 4 and 5, fully 
collapsed and the cone angle of plumes 1 and 6 diminished to 
an angle of θ = 13° (an angle of 15° is illustrated). A curvature 
of the plumes is also apparent.  
 
Figure 21. Spray formation of n-Pentane at P∞ = 0.5 bar and 
Tf = 90 °C using an initial droplet diameter of 20 µm. 
An additional factor affecting the spray formation was the 
individual plume cone angle. It is evident from literature and 
experimental data that two-phase flows rapidly expand upon 
the nozzle exit, caused by a sudden reduction in pressure and 
simultaneous bubble growth/bursting. The current 
computational framework uses a constant user specified cone 
angle, which will not model the increasing angle with 
increasing superheat. Here, an initial study was carried out to 
investigate the effect of individual cone angle, with the scope 
to implement a model for automated calculation of this cone 
angle over a range of conditions based on empirical data as 
future work. The spray experiments with this injector have 
illustrated the mechanism of gradual widening of the plumes 
at the nozzle exit at superheated conditions [10], [25]. 
Additionally, other studies with single-hole injection nozzles 
have found that increasing the superheat and flashing of a 
spray caused a significant widening of the cone angle at the 
nozzle exit, in some cases it reached angles in the order of 
100° [43].  
Figure 22 shows the spray formation of n-Pentane at P∞ = 0.5 
bar and Tf = 90 °C with an increased cone angle of θ = 30° and θ = 45° as opposed to the original angle of θ = 15°. It was 
found that increasing the cone angle to θ = 30° produced a 
larger tip spreading of the plumes, and qualitatively a closer 
match to the collapsed experimental spray at the same 
conditions. The amount of collapse remained similar to that of 
θ = 15°. However, a larger number of droplets surrounding the 
bulk liquid were observed. This effect was also witnessed 
when further increasing the cone angle to θ = 45°, where a 
larger number of droplets resided in the area surrounding the 
bulk spray. An interesting comparison of ‘footprint’ shape was 
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made between the numerically modelled spray and 
experiment. The general trend of plumes 1 and 6 was 
captured, where the two plumes are drawn together. The 
influence of flash-boiling is also somewhat captured in plumes 
2, 3, 4 and 5, whereby plumes 2 and 3, and 4 and 5 merge into 
two distinct plumes. These two merged plumes begin to 
collapse together, creating a large spread of droplets over a 
wide angle which was observable in the high-speed image of 
the severely flash-boiling gasoline spray. 
 30° 45° 
  
  
  
Figure 22. Spray formation of n-Pentane at P∞ = 0.5 bar and 
Tf = 90 °C using an individual cone angle of 30° and 45° 
with initial droplet diameter of 20 µm. 
 
Figure 23. Penetration of n-Pentane with varying initial 
droplet diameter and plume cone angle at P∞ = 0.5 bar Tf = 
90 °C. 
The spray penetrations are plotted against experimental data in 
Figure 23. The influence of individual plume cone angle is 
displayed for n-Pentane fuel. The prediction of spray collapse 
alongside droplet diameter caused a substantial reduction in 
penetration, coinciding with experimental data, which 
displayed a smaller penetration for a collapsed spray. A 
substantial reduction in penetration is seen for the change in 
initial droplet diameter from Dd = 200 µm to Dd = 20 µm, 
producing a length of 46 mm and 38 mm at 800 µs ASOI, 
respectively. The penetration is further reduced with an 
increase in individual cone angle from θ = 15° to 30° and 45°. 
The fact that the individual cone angle can have a substantial 
effect on plume penetration was further studied by simulating 
the most extreme flash-boiling condition whereby an injection 
temperature of Tf = 180 °C and an ambient pressure of P∞ = 
0.3 bar were simulated. The individual cone angles were 
varied from θ = 45° to θ = 60°. Droplet initial diameters of 20 
µm were applied with both n-Pentane and iso-Octane fuels. 
The spray formation predicted is displayed in Figures 24 and 
25.  
 45° 60° 
Experiment 
 
Figure 24. Spray formation of n-Pentane at Tf = 180 °C and 
P∞ = 0.3 bar with individual plume cone angle of 45°, 60°. 
In the case of n-Pentane, a significant amount of droplet 
recirculation is captured, caused by the rapid evaporation and 
subsequent minute droplets residing at the leading edge of the 
plume, which decelerate quickly and are overtaken by larger 
droplets. The increasing cone angle results in a large spread of 
droplets, and the inner most droplets are seen to almost merge 
to produce a single collapsed spray with respect to the side 
view. The footprint view is also displayed in Figure 24 and 
shows plumes 1 and 6 fully merging at both θ = 45° and 60°, 
which is also the case for plumes 2, 3, 4 and 5. The same 
effect is found in flash-boiling iso-Octane fuel sprays in 
Figure 25, where an increased cone angle promotes droplet-
droplet interaction and encourages plume merging and 
collapse. The resultant severe flashing spray formation found 
in the case of iso-Octane displayed less collapse, when 
compared to n-Pentane. This is expected due to the superheat 
degree being considerably smaller.  
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Figure 25. Spray formation of iso-Octane at Tf = 180 °C and 
P∞ = 0.3 bar with individual plume cone angle of 45°, 60°. 
Heat Transfer Coefficient 
The final parameter investigated is the heat transfer coefficient 
α in Equation (4). The original empirical relationships of 
Equation (5) were developed by the work of [15], [22]. An 
initial investigation was carried out here by changing the 
highest regime coefficient ‘x’, as displayed in Equation 16, 
from the default value of 0.39 to 1.50 and then 3.00. To keep 
this exercise simple, 13800 was kept fixed despite the change 
in ‘x’ and it was considered that α maintained units of W/m2K. 
25  when13800  TT x                      (16) 
Three initial droplet diameters were modelled at each ‘x’ 
value, at a collapsing condition of n-Pentane, specifically P∞ = 
0.5 bar and Tf = 90 °C. Displayed in Figures 26, 27 and 28 are 
spray characteristics including droplet diameter, spray shape 
and vapor mass fraction. It was clear that the increase in 
exponent x significantly affected the evaporation rate at flash 
boiling conditions above the 25 °C superheat threshold. Figure 
26 displays the effect of increasing x on a flash-boiling spray 
with initial droplet diameter droplets of Dd = 20 µm. It should 
be noted that 82% of droplets completely evaporated in the 
case of x = 3.00. In terms of spray formation a more 
significant collapse was seen with an increase in evaporation, 
a result of smaller droplets caused by rapid evaporation upon 
exit of the nozzle in the extreme case of x = 3.00. A smaller 
effect is seen when x = 1.5, due to droplets remaining 
relatively large in comparison to x = 0.39. The distribution of 
vapor in the quiescent chamber was seen to cover a 
substantially larger area caused by large evaporation rates 
close to the nozzle exit. 
Dd = 20 μm 
                    x = 0.39              x = 1.50           x = 3.00      
                          
   
Figure 26. Effect of heat transfer exponent on spray of n-
Pentane at P∞ = 0.5 bar, Tf = 90 °C, with initial droplet 
diameter 20 µm. 
Dd = 100 μm  
                    x = 0.39                  x = 1.50              x = 3.00   
                  
   
Figure 27. Effect of heat transfer exponent on spray of n-
Pentane at P∞ = 0.5 bar, Tf = 90 °C, with initial droplet 
diameter 100 µm. 
Dd = 200 μm 
                  x = 0.39                  x = 1.50               x = 3.00      
 
   
Figure 28. Effect of heat transfer exponent on spray of n-
Pentane at P∞ = 0.5 bar, Tf = 90 °C, with initial droplet 
diameter 200 µm. 
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A similar trend was seen in the case of Dd = 100 µm, 
displayed in Figure 27. Again the majority (86%) of droplets 
completely evaporated in the case of x = 3.00, leaving a small 
percentage of ‘active’ liquid droplets. It can be seen that the 
remaining droplets congregated to produce a very narrow 
plume. It was also apparent that the active droplets are 
positioned asymmetrically, suggesting the stochastic elements 
associated with the Lagrangian modelling approach have 
influenced the evaporation of individual plumes. The spray 
produced using x = 1.5 is below the evaporation limit which 
causes total evaporation of the majority of droplets, hence the 
modelled spray is similar in shape to that of x = 0.39. 
To understand the effect of the heat transfer exponent x on a 
spray which contains droplets large enough to endure the 
resultant rapid evaporation from x = 3.00, one can study the 
spray with an initial droplet diameter of Dd = 200 µm, which 
is displayed in Figure 28. The onset of spray collapse, in the 
form of plume merging, was found to occur in this case with x 
= 3.00. Droplets rapidly reduced in size, reaching 100 µm 
diameter almost immediately after leaving the nozzle exit. 
This significant reduction in droplet diameter, encourages 
droplet-droplet collisions and air entrainment from jet tip 
vorticities, subsequently resulting in the onset of plume 
merging. A significant increase in vapor mass fraction is again 
observed, whereby the vapor is induced into the central area of 
the injector, highlighting the flow produced by the collapsing 
mechanism. An interesting observation from this investigation 
was the effect of droplet diameter on vapor mass fraction. It 
was evident that smaller droplets increase the amount of vapor 
produced, caused by the increased surface area and surface 
evaporation caused by heat transfer from internally 
superheated liquid droplets.  
A quantitative comparison between x = 0.39, 1.5 and 3.00 at 
various droplet diameters was also made via plume 
penetration and SMD, as displayed in Figures 29 and 30, 
respectively. In all cases the penetration is seen to reduce with 
increased evaporation. In the extreme case of 20 µm and x = 
3.00 where the plumes are seen to come together, a significant 
reduction in penetration was predicted, producing a spray 
penetration very close to that of the experimental penetration 
curve for the collapsing n-Pentane spray. 
The SMD, displayed in Figure 30, clearly shows the reduction 
in droplet sauter mean diameter with increased evaporation at 
superheat degrees of T > 25 °C. At 400 µs ASOI the 
reduction in SMD at x = 3.00 was found to be 28.2%, 63.1% 
and 41.6% for Dd = 200 µm, 100 µm and 20 µm, respectively. 
The reason for SMD values at x = 3.00 not being present until 
50 µs ASOI is due to the total evaporation of droplets up until 
this point, preventing an SMD value from being taken. 
Droplets injected prior to 50 µs undergo almost instantaneous 
evaporation within single time steps due to the increased heat 
transfer coefficient. The rapid evaporation of these initial 
droplets produces a high concentration of vapor, eventually 
saturating the group of cells surrounding the nozzle exit, 
allowing a number of droplets after 50 µs to survive due to the 
evaporation rate diminishing with an increase in vapor 
concentration.  
 
Figure 29. Effect of heat transfer coefficient on spray 
penetration of n-Pentane at P∞ = 0.5 bar and Tf = 90 °C with 
numerous initial droplet diameters. 
 
Figure 30. Effect of heat transfer coefficient on predicted 
SMD of n-Pentane at P∞ = 0.5 bar and Tf = 90 °C with 
numerous initial droplet diameters. 
To summarise the current work, spray collapse was somewhat 
predicted for both fuels at numerous conditions. It is 
concluded that the initial droplet diameter alongside the 
evaporation model and droplet collision model can be used to 
predict some form of spray collapse. Large initial droplets can 
be applied to achieve a non-collapsing spray and small initial 
droplets can be applied to model a flash-boiling collapsing 
spray, which corresponds to bubble nucleation physics and 
droplet formation inside of the nozzle. Currently, a number of 
limitations exist regarding modelling flash-boiling fuel spray 
physics; these include thermal break-up caused by bubble 
nucleation and growth inside superheated droplets, an accurate 
initial droplet diameter relationship based on fuel properties 
and injection conditions and an accurate individual spray 
plume cone angle also dependent on fuel properties and 
injection conditions. A carefully considered combination of all 
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of the above mentioned parameters is needed for a versatile 
flash-boiling numerical model. Work in progress by the 
current authors is based on the development and 
implementation of a relationship which will automatically 
calculate the appropriate initial droplet diameter and spray 
cone angle based upon nozzle conditions and fuel properties. 
This will automatically determine the degree of spray collapse 
alongside the flash-boiling evaporation methodology of the 
current investigation. 
CONCLUSIONS  
The current numerical study used a Lagrangian Particle 
Tracking two-phase methodology in order to reproduce 
subcooled and superheated sprays for advanced direct 
injection internal combustion engines. A flash-boiling 
evaporation model was implemented into STAR-CD and 
validated qualitatively and quantitatively against experimental 
data with fuel temperatures as high as 180 °C and gas 
pressures as low as 0.3 bar. Moreover, sensitivity studies were 
conducted to examine the effect of key simulation parameters 
on the characteristics of flashing iso-Octane and n-Pentane 
sprays. The main conclusions of the present study can be 
summarized as follows: 
 By adjusting the parameters of the droplet break-up 
model, it was possible to improve the predicted spray 
formation in terms of spray bulk shape, penetration length 
and SMD with respect to experimental data, but overall 
even the default constants offered predictions well within 
10% of experiments at non-collapsing subcooled spray 
conditions. Nevertheless, application to superheated 
flashing sprays would require tuning beyond the model’s 
designed compatibility with standard mechanisms of 
primary and secondary spray break-up. 
 The implemented evaporation model was able to predict 
increased vapor concentration and enlarged vapor areas 
caused by the additional energy of superheat over a range 
of fuel temperatures and gas pressures.  
 The droplet collision model was found to be an influential 
factor regarding the ability of the developed numerical 
framework to predict flash-boiling spray collapse via 
plume merging phenomena. The effect was strongest by a 
reduction in droplet sizes. 
 Varying the initial droplet diameter and individual cone 
angle resulted in a more realistic representation of a 
flashing multi-hole fuel spray, in terms of both the overall 
spray structure and its volumetric growth. The predicted 
penetration was 20–30% lower when the initial droplet 
diameter was reduced from 200 µm to 20 µm at 
superheated conditions. 
 The heat transfer coefficient in the superheated 
evaporation term was found to be an area with strong 
potential for model optimization. A significant promotion 
of evaporation was achieved, subsequently enhancing the 
mechanism of spray collapse. In the case of initial droplet 
diameter of 20 µm, an increase in the value of the 
superheat exponent by an order of magnitude led to a 
predicted plume penetration that matched the 
experimental data closely during most of the injection 
event with a typical agreement of 5–8%. 
With the acquired knowledge, improvements to the current 
methodology for modelling flash-boiling sprays are currently 
being carried out by: 
 Implementing a thermophysical model to automatically 
predict the initial droplet diameter and individual spray 
plume cone angle, associated with correct representation 
of in-cylinder physics at conditions typical of low-load 
engine operation.  
 Optimize the developed framework using a droplet break-
up model which incorporates the effects of thermal break-
up in the form of bubble bursting and collapse. The 
proposed methodology may apply additional break-up 
regimes based on a combination of non-dimensional 
numbers, including the Jakob number.  
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DEFINITIONS/ABBREVIATIONS 
A Area 
P∞ Ambient pressure 
T∞ Ambient Temperature 
Pv Vapor pressure 
Ps Saturation pressure 
Psg Saturation pressure at surrounding gas 
Sh Sherwood number 
D Binary diffusivity coefficient in air 
α Heat transfer coefficient (Adachi model) 
Tf Film temperature 
Rf Specific gas constant of film 
Dd Instantaneous droplet diameter 
T Superheat degree 
HV Latent heat of vaporization 
Y Fuel vapor mass fraction in cell 
Ys Fuel vapor mass fraction at droplet surface 
ma Molecular weight of air 
mv Molecular weight of fuel vapor 
Mt Total evaporated mass 
Msc Subcooled evaporated mass 
Msh Superheated evaporated mass 
Tb Boiling temperature of fuel 
Td Instantaneous droplet temperature 
h Heat transfer coefficient  
Dd,stable Stable droplet diameter 
τb Bag break-up timescale 
τs Stripping break-up timescale 
We Weber number 
U1,2 Relative droplet velocity 
u1 and u2 Droplet velocity vector 
X1 and X2 Droplet position vector 
K Relative motion factor 
Re Reynold’s number 
Sc Schmidt number 
Nu Nusselt number 
Pr Prandtl number 
u Eulerian phase velocity at droplet position 
ud Droplet velocity 
ρ Density 
σ Surface tension 
Cp Specific heat capacity at constant pressure 
 Viscosity 
k Thermal conductivity 
x Heat transfer exponent  
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APPENDIX A 
iso-Octane Fuel Property Polynomials 
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n-Pentane Fuel Property Polynomials 
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APPENDIX B 
Orientations of the Multi-hole Injector Nozzles with Nominal Injection Plumes 
 
 
 Nominal Values [mm] Offset 
Angle 
Proj. Separation Proj. 
Angle Plume x y z Sprays Angle 
1 77.54 28.89 50.00 58.9 6 – 1 40.9 20.4 
2 5.30 19.00 50.00 21.5 1 – 2 54.0 74.4 
3 -17.77 13.70 50.00 24.2 2 – 3 68.0 142.4 
4 -17.77 -13.70 50.00 24.2 3 – 4 75.3 217.6 
5 5.30 -19.00 50.00 21.5 4 – 5 68.0 285.6 
6 77.54 -28.89 50.00 58.9 5 – 6 54.0 339.6 
 
